Abstract-Our group has developed a new energy storage flywheel system using a superconducting magnetic bearing (SMB) and a permanent magnet bearing (PMB). The superconducting magnetic bearing (SMB) suppresses the vibrations of the flywheel rotor. The permanent magnet bearing (PMB) passively controls the rotor position. The energy storage flywheel system is characterized by using the two different type magnetic bearings of PMB and SMB. Dynamics and charge-discharge characteristics are improved and discussed in this paper.
I. INTRODUCTION

E
NERGY storage flywheel system is a very promising energy-saving technology. This is because the system is very simple and characterized by high energy density compared with other energy storage systems. High temperature superconductors with strong pinning forces are useful for such applications [1] - [4] . There are some reports about flywheel systems using superconducting magnetic bearings (SMBs) and active magnetic bearings (AMBs) to suppress rotor vibrations [5] .
Then, a new energy storage flywheel system was proposed whose concept is different from other systems [6] . The superconducting magnetic bearing (SMB) suppresses the vibrations of the rotor and the permanent magnet bearing (PMB) passively controls the rotor position.
In this paper, dynamics of the energy storage flywheel system are improved and charge-discharge characteristics are discussed.
II. ENERGY STORAGE FLYWHEEL SYSTEM
The total system is composed of the energy storage flywheel system, power amplifiers, AD/DA converters, a personal computer for controlling the motor/generator and a tachometer for detecting the flywheel rotational speed. Fig. 1 illustration of the energy storage flywheel system using a SMB and a PMB. The SMB is set at the bottom part of the flywheel rotor. The SMB consists of a ring oxide superconductor ( , OD: outer diameter, ID: inner diameter) and four ring SmCo rare earth permanent magnets . The PMB is set at the top part of the flywheel rotor. The details of the system are described in [6] .
III. PERMANENT MAGNET BEARING (PMB)
A. PMB Structure , surface magnetic flux density 0.42 T), and stator magnets ( , surface magnetic flux density 0.42 T). The permanent magnets of PMBs have a structure with alternating-polarity arrangement. The spacers are inserted into both the rotor magnets and the stator magnets. The PMB in Fig. 2 (a) has already been discussed in [6] .
B. Experiments
In order to improve the stiffness of the PMB, a new PMB shown in Fig. 2(b) is studied. Repulsive forces in the axial and radial directions were measured by using a load cell. Fig. 3(a) indicates the relationship between axial repulsive force and displacement Z for various stator spaces from 0 mm to 3.0 mm. The axial repulsive force becomes small with increasing stator space. This shows that the axial repulsive force is adjusted by using the stator spaces. Fig. 3(b) indicates the relationship between axial repulsive force and displacement Z for various rotor spaces from 0 mm to 1.5 mm. The axial repulsive force becomes large with increasing rotor space. This shows that the axial repulsive force is adjusted by using the rotor spaces. Fig. 3(c) shows the relationship between radial repulsive force and displacement X for various axial displacements , 0.5 and 1.0 mm. The radial repulsive force becomes small with increasing radial displacement. However, in the radial displacement range from 3.0 mm to 3.0 mm the radial repulsive force doesn't depend on the axial position Z. Thus, the space 0 mm is adopted for the PMB.
IV. DYNAMIC CHARACTERISTICS
A. Excitation Pattern
A brushless DC motor is used as a motor/generator, as shown in Fig. 1 . This motor/generator consists of a stator with four solenoids and a flywheel rotor with four permanent magnets, as shown in Fig. 4 . The rotation angle of the flywheel rotor is detected by using a Hall effect sensor. The driving force is applied to the motor/generator according to the Hall signal. In order to improve the rotation speed, the excitation patterns 2 in Fig. 4(b) is applied to the motor/generator.
The dynamic characteristics of the flywheel system were investigated. First, the driving force was applied to the motor/generator to reach the maximum speed. Just after it, the driving force stops. The experimental results are shown in Fig. 5 , indicating the relationship between rotational speed of the flywheel rotor and time. The rotational speed reaches its maximum within several seconds. The maximum speeds for the excitation pattern 1 and 2 are 5,500 rpm and 4,500 rpm, respectively. The excitation pattern 2 is adopted for driving the flywheel rotor.
B. Dynamic Characteristics
Basic studies of spin down test for the energy storage flywheel system were investigated. In the experiment, the driving force shut down just after the flywheel spun up to 5,000 rpm. During the rotation, the vibrations of the flywheel rotor in the upper and lower parts were investigated. Fig. 6(a) shows the relationship between radial displacement and time for various rotational speeds in the upper part of the rotor. The flywheel spins up to the speed of 5,000 rpm after 5 s. After the driving force shut down at 15 s, the flywheel speed decreases rapidly. The displacement is smaller than 0.3 mm over a wide time range. However, there are two displacement peaks at times of 5 s and 27 s, which correspond to a resonance rotational speed of 2,000 rpm. Fig. 6(b) shows the relationship between radial displacement and time for various rotational speeds in the lower part of the rotor. The displacement is smaller than 0.3 mm over a wide time range. There are also displacement peaks at times of 5 s and 27 s. The displacements at the resonance rotational speed in Fig. 6(b) are smaller than the displacements at the same speed in Fig. 6(a) . This is because the damping effect of the SMB may be effective in the lower part of the rotor.
V. EXPERIMENT FOR INSTANTANEOUS VOLTAGE DROP
Instantaneous voltage drop test was made to confirm the flywheel energy storage system. Fig. 7 shows a schematic illustration of the experimental setup for instantaneous voltage drop. The experimental setup consists of the energy storage flywheel system, a personal computer for controlling rotational speed and detecting instantaneous voltage drop, some switching relays for Fig. 8(b) . The radial displacement of the flywheel rotor is always smaller than 0.5 mm as shown in Fig. 8(d) . Fig. 9(a) , supply voltage suddenly changes from 5 V to 3 V at a time 50 ms. The instantaneous voltage drop continues for 100 ms. The rotational speed changes from 4,700 rpm to 4,000 rpm within 100 ms. As a result, the load voltage keeps constant as shown in Fig. 8(b) . These results in Figs. 8  and 9 show that the energy storage flywheel system works well for the instantaneous voltage drop. 
VI. CONCLUSION
We have improved an energy storage flywheel system using a superconducting magnetic bearing (SMB) and a permanent magnet bearing (PMB). The stiffness of the permanent magnet bearing is improved. The basic studies of spin down test show that the displacement is smaller than 0.3 mm at speeds higher than the resonance rotational speed. Since the excitation pattern 2 is adopted, the maximum rotational speed is improved. From the experimental results, it is found that the energy storage flywheel system works well for the instantaneous voltage drop.
